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Mitochondrial electron transport chain (ETC) deficiencies are thought to underlie defects in energy
metabolism and have been implicated in the neurodegenerative process. In particular, reductions in complex
[ activities in Parkinson's disease are thought to cause bioenergetic dysfunction with subsequent
degeneration of dopaminergic neurons. In terms of bioenergetics and assessing ETC-related problems in
the brain, the presence of heterogeneous mitochondria has complicated matters as isolated non-synaptic
mitochondria have different energy thresholds and flux control coefficients compared to isolated
mitochondria of synaptic origin. The molecular mechanisms that underlie complex I deficiencies in the
parkinsonian brain are unknown and are the source of intensive research. This review explores the
relationship between complex I activity and energy metabolism in the brain as well as the nature of the

© 2008 Elsevier B.V. All rights reserved.

1. Complex I and Parkinson's disease

Mitochondrial dysfunction is characteristic of several neurodegen-
erative disorders [1] and also of the aging process [2]. Parkinson's
disease is characterized by a selective decrease in dopamine in the
striatum caused by a degeneration of dopaminergic neurons in the zona
compacta of the substantia nigra [3,4]. Complex I (NADH:ubiquinone
oxidoreductase, EC 1.6.5.3) activity is reduced by 35-40% in substantia
nigra homogenates in postmortem studies of Parkinson's disease
patients [5,6,7]. However, recent evidence has suggested that a complex
[ deficiency may be widespread in the parkinsonian brain, as the
occurrence of a mutation in mitochondrial DNA in idiopathic Parkinson's
disease [8], and an associated reduction in complex I activity in
mitochondria from the frontal cortex [9,10] have been reported. This
evidence supports the hypothesis that complex I deficiency plays a
central role in the initial etiology of the disease [11,12,13].

The cause of the complex I deficiency is unknown, however, follow-
up studies on Parkinson's disease patients injected with fetal tissue
enriched in dopaminergic cells shows that an environment exists in
the parkinsonian brain that induces the classical disease pathology in
the transplanted cells [14]. It is not known if complex I activity in these
cells is reduced following transplantation or if a complex I defect in
surrounding cells induces the neurodegenerative condition. However,
in certain in vitro models of the nerve terminal (synaptosomes) it has
been shown that complex I deficiencies can result in large amounts
of glutamate being released that may be potentially excitotoxic to
surrounding cells [15]. Dopamine neurons are known to possess
glutamate receptors, therefore, existing complex I deficiencies that
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lead to increased glutamate release may increase excitotoxic events in
the parkinsonian brain.

2. Flux control analysis of oxidative phosphorylation in brain
mitochondria

Analysis of complex I activities in mitochondria with the help of
metabolic control analysis (MCA) has revealed some interesting
findings concerning mitochondrial heterogeneity in the brain. When
the relative contribution of individual mitochondrial respiratory chain
complexes to the control of NAD-linked substrate (glutamate and
malate) oxidative phosphorylation in mitochondria from various rat
brain regions was investigated, it was found that complex I possessed
a higher control over oxidative phosphorylation in synaptic mito-
chondria than in non-synaptic mitochondria [16-18]. As shown in
Table 1, when rotenone, myxothiazol and KCN were used to titrate out
complexes I, III and IV activities, respectively, while measuring
oxidative phosphorylation parameters, the highest flux control
coefficients were found with complex I in mitochondria of synaptic
origin. It is unclear if the complex I flux control difference is due to a
differing subunit compliment in both types of mitochondria at
biogenesis or loss of function in mitochondria as they travel to the
nerve terminal and subsequently synthesize the majority of ATP
required for normal synaptic function.

Other studies have shown that respiratory chain complexes are
involved in the control of mitochondrial respiration and that the
distribution of the control indices of these complexes may be
different, depending on the tissue from which the mitochondria
were isolated [19-22]. Brain mitochondria show lowest oxidative
phosphorylation efficiency with complex I substrates, measured as
P/O ratios, compared to mitochondria from heart and liver [23].
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Table 1
Flux control coefficients for ETC complexes I, IIl and IV in brain mitochondria

Whole brain non-synaptic
mitochondria

Whole brain synaptic
mitochondria

CA1 non-synaptic
mitochondria

Cortex non-synaptic
mitochondria mitochondria

CA1 synaptic
mitochondria

Cortex synaptic

Complex I 0.14 0.29 0.13
Complex III 0.15 0.20 -
Complex IV 0.24 0.13 0.22

0.11 0.30 0.32

0.20 0.15 0.14

Data taken from 16, 17 and 18.

According to the summation theory for flux control [24], the sum of
all the control coefficients in any pathway is equal to unity; so in the
case of the three complexes described in Table 1 the total is 0.62 for
synaptic mitochondria from whole brain. Other systems known to
contribute to the control of mitochondrial respiration are; adenine
translocator [19,25], phosphate carrier and calcium [26,27], proton
leak [28], ADP-regenerating system and dicarboxylate carrier [19].
Using a top-down analysis of synaptosomal bioenergetics, it was
found that the substrate oxidation system, phosphorylation system
and proton leak had flux control coefficients of 0.71, 0.27 and 0.02,
respectively, and that uncoupled oxygen respiration rates were
significantly lower in synaptosomes from young rats when compared
to synaptosomes from old rats [29].

3. Energy thresholds in brain mitochondria

While metabolic control analysis has provided insight into the
control that ETC complexes have over oxidative phosphorylation, the
use of specific inhibitors has also enabled researchers to model the
effects of substantial ETC deficiencies on respiration rates and ATP
synthesis in the mitochondrion. This concept of mitochondrial energy
thresholds has been identified in many tissues [30] and has been
associated with thresholds at the transcriptional and translational
levels.

In preparations of brain mitochondria, titration of complex I, II, and
IV activities with specific inhibitors generated threshold curves that
showed the extent to which a complex activity could be inhibited before
causing impairment of mitochondrial energy metabolism (Table 2). For
mitochondria of non-synaptic origin, it was found that complex I, I1I, and
IV activities need to be decreased by approximately 60, 70, and 60%,
respectively, before major changes in rates of oxygen consumption and
ATP synthesis were observed. Similar thresholds were observed for
complexes Il and IV in synaptic mitochondria suggesting that they have
large reserves of activity and must be inhibited to a large extent before
oxidative phosphorylation is severely compromised. These threshold
effects are not restricted to brain mitochondria and have been observed
in rat muscle mitochondria for complex IV [31] and III [32], where the
activity must be reduced by approximately 70 and 60%, respectively,
before major changes in oxidative phosphorylation occur.

However, the energy threshold for complex I is reduced to 25% in
mitochondria of synaptic origin. These results suggest that, in mito-
chondria of synaptic origin, complex I activity has a major control of
oxidative phosphorylation, such that when a threshold of 25% in-
hibition is exceeded, energy metabolism is severely impaired, resulting
in a reduced synthesis of ATP. The significance of this finding is im-
portant in that the reported decrease of 40% in complex I activity in
Parkinson's disease patients [5-7] would extrapolate to a 35-40%
inhibition of ATP synthesis and respiration in the synaptic mitochon-

Table 2
Thresholds for ETC complex control of respiration in brain mitochondria

dria model. There is no information on the energy thresholds for ETC
complexes inside intact synaptosomes, however, they may be expected
to be different considering glucose and lactate are substrates for nerve
terminal bioenergetics and in situ mitochondria respire somewhere
between state IIl and state IV.

Titration of complex I activity in synaptosomes, followed by depolar-
ization with KCl or 4-aminopyridine, reduces ATP concentrations and
leads to significant amounts of Ca**-independent glutamate release [15].
Extrapolation of these results to Parkinson's disease suggests that a 40%
decrease in complex I activity in the substantia nigra could induce excess
release of excitotoxic glutamate following action potentials. In addition,
reduction of complex I activities in synaptosomes from 18 month old rats
resulted in a faster release of glutamate, compared to synaptosomes
from 6 month old rats, indicating that nerve terminals from aged
animals as opposed to younger rats may be more susceptible to mito-
chondrial dysfunction [33].

Threshold effects have been described in mitochondrial diseases
[30] and may be related to the balance between normal and mutant
mtDNA. If the expression of this heteroplasmy of mtDNA is at the level
of a given respiratory complex enzyme, then these may reinforce
threshold effects observed in mitochondrial metabolism. Whether or
not respiratory chain complex activities would be reduced sufficiently
to seriously compromise oxidative phosphorylation would depend on
the type of mitochondria affected. Due to the heterogeneous nature of
brain mitochondria in which complex I thresholds in synaptic mito-
chondria are different to those in non-synaptic mitochondria [ 16,17,18],
it may be possible that degeneration preferentially occurs in synapses.

4. Glutathione and complex I activity

In addition to a reduction in complex I activity in Parkinson's disease,
decreased levels of glutathione have also been found in postmortem
examination of the substantia nigra [34-36]. This suggests an increased
oxidative stress involvement in Parkinson's disease, as glutathione is
present in millimolar concentrations in mammalian cells and is
considered to be a major antioxidant in the brain, capable of protecting
cells from damage caused by free radicals [37].

In order to observe the consequences of glutathione depletion on
mitochondrial function and to partly imitate that which is reported to
occur in idiopathic Parkinson's disease, the catecholaminergic PC12
cell line was depleted of glutathione using the gamma glutamyl-
transferase inhibitor, L.-BSO, and the effect on the complex I threshold
was measured. As shown in Fig. 1, oxygen respiration exhibited a
threshold effect at 30-40% inhibition of complex I activity, suggesting
that PC12 cell mitochondria have a different complex I threshold to
that found in synaptic and non-synaptic mitochondria. Similar
thresholds for complex I activity have been reported in other cell
lines, possibly reflecting the fact that mitochondria respiring in situ, in

Whole brain non-synaptic
mitochondria

Whole brain synaptic
mitochondria

CA1 non-synaptic
mitochondria

Cortex non-synaptic
mitochondria

CA1 synaptic
mitochondria

Cortex synaptic
mitochondria

Complex I 72 25 60
Complex III 70 80 Nd
Complex IV 60 70 60

60 25 25
Nd Nd Nd
60 60 60

Data taken from 16, 17 and 18.
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Fig. 1. Depletion of glutathione abolishes the complex I threshold in PC12 cells. PC12
cells were incubated for 18 h in the presence (O) and absence (®) of the glutathione-
depleting compound, L-BSO. The percent inhibition of complex I activity was calculated
and plotted against respiration rates (data taken from 18).

immortalized cell lines, have different substrates compared to isolated
mitochondria. However, following the depletion of glutathione in
PC12 cells the complex I threshold effect was abolished (Fig. 1).

The mechanism by which GSH causes removal of the complex I
threshold in mitochondria is not known, however, glutathione is an
antioxidant which protects mitochondria from lipid peroxidation [38] and
when depleted may render complex I susceptible to free radical attack.
Previous studies have shown that depletion of GSH induces enlargement
and degeneration of brain mitochondria [39] as well as a decrease in
complex IV activity in purified brain mitochondrial preparations [40].
Treatment of rat brain primary cultures with 1-BSO caused decreases in
complex I activity, complex II-Ill activity and complex IV activity of 34%, 60%
and 41%, respectively [41] however when similar glutathione experiments
were done with rat brain primary astrocytes, complex I activity was
increased 2-fold [42] and 4-fold [43]. These results suggest that, under
conditions of GSH depletion, neurons are more vulnerable to metabolic
insult, which results in a compromise in mitochondrial energy metabolism.

The finding of a reduced complex I threshold in conjunction with a
constitutive metabolic deficiency in dopaminergic neurons from the
substantia nigra [44,45] may predispose these neurons to apoptotic or
necrotic mechanisms. There is evidence that mitochondrial complex I
dysfunction is a consequence of stress oxidation of critical thiol groups
in the enzyme [46,47]. Similarly, reversible glutathionylation of com-
plex I increases mitochondrial superoxide formation [48]. Thus, the
implications for these results might be extendable to complex I and
glutathione abnormalities that are seen in Parkinson's disease, and
may underlie selective neuronal degeneration.

5. Cause of complex I deficiency — role for assembly?

As stated above, the cause of complex I deficiency in Parkinson's
disease is unknown and little information is available on the nature of
complex I assembly in brain mitochondria. The possibility that ab-
normal assembly mechanisms in the brain may exist requires further
consideration and the literature on complex I structure and assembly
in mitochondria from other tissues provides a starting point. Mam-
malian complex I is composed of 45 different subunits that assemble
together at the inner mitochondrial membrane [49]. The assembly of
this complex is complicated partly because of its large size and partly
because its regulation by two genomes. Seven of the complex I

subunits are encoded by the mitochondrial (mt) DNA and the
remaining by the nuclear genes. The nuclear DNA-encoded subunits
are synthesized in the cytosol and are imported into the organelle. The
mtDNA-encoded subunits must assemble with the nuclear encoded
subunits to generate the functional holoenzyme [49-53]. The multi-
meric holoenzyme is L-shaped with a hydrophobic membrane arm
embedded in the mitochondrial inner membrane and perpendicular to
it is a hydrophilic peripheral arm which protrudes into the mitochon-
drial matrix [54,55]. The 14 most conserved subunits (which form the
fully functional complex I in bacteria) form the ‘core’ structure. The
‘core’ structure is also considered to be the minimal structure required
for the functionality of the enzyme [56]. The function of most of the
additional 31 supernumerary subunits is not yet clear but some are
hypothesized to stabilize or to protect the complex from ROS damage.
Several of these subunits may have an additional function. For
example, the subunits NDUFA13 [also known as GRIM-19] and
NDUFS1 have been implicated to have a role in apoptosis [57,58].
Assembly of complex [ subunits is an intricately elaborate process
which has been studied in several organisms of different evolutionary
lineages. Studies in model organisms as simple as the bacteria
[Escherichia coli] and the green algae [Chlamydomonas reinhardtii] to
more complex eukaryotes like the fungus [Neurospora crassa], higher
plants [Zea mays, Arabidopsis thaliana] and mammals has outlined the
basic process of complex I assembly. The main consensus findings of
these studies are — a] complex I assembly is not sequential but is
modular which means that the subunits are not incorporated one by
one into the complex but instead several discrete assembly inter-
mediates are assembled independently and are joined in several steps
to form a peripheral arm and a membrane arm; b] peripheral arm can
be assembled independently of the membrane arm; c| sub-assemblies
of the nuclear DNA-encoded subunits and the mtDNA-encoded
subunits can be formed independently; d] in eukaryotes, a nuclear
DNA-encoded scaffold of peripheral arm is attached to the inner
membrane where it joins to the membrane arm intermediate [59-62].
There are many different models proposed for mammalian
complex I assembly and even though there are differences between
these models, a recent review draws out a general concept for
complex I assembly [63]. According to a generalized model, NuoC and
NuoD (bacterial homologues of NDUFS2 and NDUFS3) form the
starting point of the peripheral arm assembly. Addition of NuoB, I, E, F
and G (bacterial homologues of NDUFS7, NDUFS8, NDUFV1, NDUFV2
and NDUFS1) result in a large peripheral arm intermediate
(~600 kDa), which is then anchored to the mitochondrial inner
membrane with the help of its transporter subunits NuoH [bacterial
homologue of ND1]. This membrane anchored peripheral complex
extends by combining to the highly conserved hydrophobic mem-
brane arm intermediate and results in holo-complex I (~950 kDa).
Complex I assembly is a highly dynamic process in which existing
and newly synthesized subunits can be exchanged. A recent paper by
Lazarou et al. [64] demonstrates that nuclear DNA-encoded subunits of
complex I are incorporated into the complex much faster than the
mtDNA-encoded subunits even though the nuclear DNA-encoded
subunits were not rate limiting for complex I assembly. This observa-
tion leads to a suggestion that the newly synthesized nuclear DNA-
encoded subunits are exchanged with the assembled ones. The authors
speculate that the complex I transitions between assembled and inter-
mediate forms may enable a mechanism that facilitates the turnover of
subunits, some of which may be oxidatively damaged. Given the fact that
a number of complex I subunits become oxidatively damaged in the
brains of patients with Parkinson's disease [9], it is possible that an
underlying basis of the disease is a decreased rate of protein import and/
or assembly which slows the exchange rate of pre-existing complex I
subunits for newly imported ones. This may lead to increased oxidative
damage, complex I deficiency and subsequent disease.
The complex I assembly process is even more complicated by the
fact that in addition to a perfect assembly, the nuclear transcription,
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translation, processing, export of the subunits and then their import
into the mitochondria, insertion into the membrane, stabilization and
activation of the enzyme, every step requires a precise coordination.
With this perspective the importance of chaperone proteins becomes
evident. Chaperones are a family of proteins that assist the correct
assembly of other polypeptide containing structures in vivo, but are
not a component of the final functional structure. Examples of
mutations in the assembly chaperones that lead to the inability to
assemble a properly functioning complex I and thus lead to complex I
deficiency diseases, have been reported [65].

In contrast to the numerous complex Il and complex IV assembly
chaperones known, so far only three candidate complex I assembly
factors have been found. Two of these, the NDUFAF1 (the human
homologue of fungal protein CIA30) and a paralogue of complex I
subunit B17.2 known as B17.2-like (B17.2L) are well established and
well studied complex I assembly chaperones. Ecsit (Evolutionary
Conserved Signaling Intermediate in Toll pathways) is yet another
recent addition to the list. The conventional role of this signaling
intermediate in the Toll-pathway is in passing of a message from ligand
activated plasma membrane receptor to transcription of pro-inflam-
matory genes. But intriguingly it has a role in mitochondrial complex I
assembly [66]. This exciting finding leads to an interesting speculation
that Ecsit may extend the cascade of immune response to mitochon-
drial level and may affect cellular energy production upon inflamma-
tion. A number of studies have linked inflammation to sporadic cases of
neurodegeneration and mitochondria are known to be damaged by
inflammatory processes. A very relevant example is provided by the
HIV-1 induced T-cell apoptosis where viral infection downregulates
the expression of complex I subunit NDUFAG6 [67]. This subunit is
important for complex I assembly and it associates with a 650 kDa
intermediate prior to the formation of a fully assembled holoenzyme
and reduction in its level would result in reduced level of functional
complex 1. Thus, viral infection manipulates complex I assembly
process, reduces the cellular energy level to its own benefit and finally
leads to the apoptosis of the T-cell. A similar link between inflamma-
tion and neurodegeneration is yet to be investigated and established.

6. Complex I and supercomplexes

Although there is a wealth of knowledge available on the structure of
the individual electron transport chain complexes, their supramolecular
organization into ‘respirasomes’ is relatively an under-studied area. This
is mainly because these complexes are functionally active even when
isolated as individual complexes and the detergent used to solubilize
them out of the inner membrane partially destroys the supramolecular
assembly. Previously, two models have been proposed for the organiza-
tion of the respiratory chain. The random collision model or the ‘fluid
state’ model, proposed by Hackenbrock [68] was accepted by many
investigators in the field. According to the model complex I-IV moves
freely by lateral diffusion in the inner mitochondrial membrane and
electron transfer is based on random collisions of the involved
components. Ubiquinone and cytochrome c have a diffusion rate that is
faster than the bulkier complexes. This model was backed by studies on
mobility of the complexes and subsequently supported by kinetic analysis
of steady state respiration and saturation kinetics of electron transfer [69].

In contrast, several other lines of evidence support the ‘solid state’
model which promotes the idea of preferential associations and spe-
cific aggregation of the complexes: a) a mild purification and separa-
tion protocol (BN-PAGE) and immunoprecipitation results in co-
purification of more than one complex [70,71]; b) flux control
experiments favours the supramolecular organization of the com-
plexes rather than their individual occurrence [72]; c) organization
into supercomplexes leads to improved stabilization of individual
complexes [73]; d) mutations leading to a loss of complex Il prevents
supercomplex formation and leads to a secondary loss of complex I
[74]; e) the complexes are present in vivo at defined stoichiometries

[75]; f) single particle electron microscopy has elucidated the 3D maps
of the supercomplexes [76,77]. Inspite of the ongoing debate, the solid
but dynamic model of the electron transport chain complex organi-
zation is more widely accepted now.

The supercomplexes have been identified and characterized from a
broad range of organisms using BN-PAGE and sucrose gradient
centrifugation. The supercomplex I-IIl, characterized in Arabidopsis,
consists of complex I and dimeric complex III. The supercomplex III-IV
consisting of dimeric complex Il and one to two copies of monomeric
complex IV, has been characterized in yeast. The largest supercomplex
from bovine heart, consists of complex I plus complex IIl; plus
complex IV;_4 and is termed the ‘respirasome’. The supramolecular
organization of the oxidative phosphorylation complexes into respira-
somes may be of functional importance as they may enhance electron
transfer rates, reduce diffusion distances of substrates by substrate
channeling and increase the stability of the complexes. Although little
is known about supercomplexes in the brain, the different energy
thresholds and flux control coefficients described above may be
related to a range of supercomplex formations in brain mitochondria.

The formation of supercomplexes I-III is facilitated by lipid com-
ponent in the inner membrane. All purified preparations of mitochon-
drial electron transfer complexes are isolated as lipoprotein complexes.
Complete extraction of phospholipids from these lipoprotein complexes
reveal that cardiolipin, phosphatidylcholine and phosphatidylethano-
lamine are the predominant components. These phospholipids are not
only responsible for dispersive solubilization and catalytic effect
(specifically brought about by cardiolipin), but maybe responsible for
providing a sufficiently lipophilic environment for the interaction of the
oxidative phosphorylation components. The absolute requirement
of cardiolipin for complex I and complex IIl activities suggest that
this phospholipid plays a crucial role in the coupled electron transfer
[78-80]. Recently using the cardiolipin lacking mutant yeast, it was
demonstrated that 90% of the individual homodimers of complex Il and
complex IV were not organized into supercomplexes [81].

Other papers report that cardiolipin is important for the stability of
supercomplexes and exposure of mitochondria to reactive oxygen
species (ROS) can damage cardiolipin by the process of lipid peroxida-
tion [82-83]. Although no direct evidence exists yet, the assumption
that lipid peroxidation by ROS may disrupt the supercomplexes has
pathological implications. This may be an underlying cause of aging
and age-related disorders like Parkinson's disease, where damage by
ROS and a reduction in mitochondrial energetic capacity due to
dissociation of supercomplexes may be responsible for the deleterious
consequences. A recent paper reported a mutation in human TAZ gene
associated with Barth Syndrome [84]. These patients show mitochon-
drial morphological abnormalities and respiratory chain dysfunction.
Patients with Barth syndrome lack the TAZ gene product, Tafazzin
[a putative phospholipid acyltransferase], and exhibit defects in
cardiolipin. Using BN-PAGE the authors demonstrated that super-
complex /Il and supercomplex I/Ill;/IV were more labile in
lymphoblasts from Barth syndrome patients. The level of complex I
holoenzyme was also reduced. These interesting observations warrant
investigation of ROS-induced damage to phospholipids, genetic
defects in phospholipid metabolism and supercomplex instability as
they may reveal new information on mechanisms that underlie neuro-
degenerative diseases.

Acknowledgements

This work is supported by the EU Marie Curie Transfer of Knowledge
Programme.

References

[1] M.E. Beal, Does impairment of energy metabolism result in excitotoxic neuronal
death in neurodegenerative illnesses? Ann. Neurol. 31 (2) (1992) 119-130.



R.U. Pathak, G.P. Davey / Biochimica et Biophysica Acta 1777 (2008) 777-782 781

[2] B.N. Ames, M.K. Shigenaga, T.M. Hagen, Mitochondrial decay in aging, Biochim.
Biophys. Acta 1271 (1995) 165-170.

[3] O. Hornykiewicz, Parkinson's disease: from brain homogenate to treatment, Fed.
Proc. 32 (1973) 183-190.

[4] D.B. Calne, J.W. Langston, Aetiology of Parkinson's disease, Lancet 8365 (1983)
1457-1459.

[5] AH. Schapira, J.M. Cooper, D. Dexter, P. Jenner, ].B. Clark, C.D. Marsden,
Mitochondrial complex I deficiency in Parkinson's disease, Lancet 1 (1989) 1269.

[6] A.H. Schapira, ].M. Cooper, D. Dexter, P. Jenner, ].B. Clark, C.D. Marsden, Mito-
chondrial complex I deficiency in Parkinson's disease, J. Neurochem. 54 (1990)
823-827.

[7] AH.Schapira, V.M. Mann, ].M. Cooper, D. Dexter, S.E. Daniel, P. Jenner, ].B. Clark, C.D.
Marsden, Anatomic and disease specificity of NADH CoQ1 reductase (complex I)
deficiency in Parkinson's disease, J. Neurochem. 55 (1990) 2142-2145.

[8] W.D. Parker Jr, J.K. Parks, Mitochondrial ND5 mutations in idiopathic Parkinson's
disease, Biochem. Biophys. Res. Commun. 326 (2005) 667-669.

[9] PM. Keeney, ]. Xie, R.A. Capaldi, J.P. Bennett Jr, Parkinson's disease brain
mitochondrial complex I has oxidatively damaged subunits and is functionally
impaired and misassembled, J. Neurosci. 26 (2006) 5256-5264.

[10] W.D. Parker Jr., J.K. Parks, R.H. Swerdlow, Complex I deficiency in Parkinson's
disease frontal cortex, Brain Res. 1189 (2008) 215-218.

[11] ]J.T. Greenamyre, T.B. Sherer, R. Betarbet, A.V. Panov, Complex I and Parkinson's
disease, [UBMB Life. 52 (2001) 135-141.

[12] TM. Dawson, V.L. Dawson, Molecular pathways of neurodegeneration in
Parkinson's disease, Science 302 (2003) 819-822.

[13] L. Tretter, I. Sipos, V. Adam-Vizi, Initiation of neuronal damage by complex [
deficiency and oxidative stress in Parkinson's disease, Neurochem. Res. (2004)
569-577.

[14] J.H. Kordower, Y. Chu, R.A. Hauser, T.B. Freeman, C.W. Olanow, Lewy body-like
pathology in long-term embryonic nigral transplants in Parkinson's disease, Nat.
Med. 14 (2008) 504-506.

[15] S.M. Kilbride, J.E. Telford, K.F. Tipton, G.P. Davey, Partial inhibition of complex I
activity increases Ca(2+)-independent glutamate release rates from depolarized
synaptosomes, J. Neurochem. (2008) (Electronic publication ahead of print).

[16] G.P. Davey, L. Canevari, ]J.B. Clark, Threshold effects in synaptosomal and
nonsynaptic mitochondria from hippocampal CA1 and paramedian neocortex
brain regions, J. Neurochem. 69 (1997) 2564-2570.

[17] G.P.Davey, ].B. Clark, Threshold effects and control of oxidative phosphorylation in
nonsynaptic rat brain mitochondria, J. Neurochem. 66 (1996) 1617 24.

[18] G.P. Davey, S. Peuchen, J.B. Clark, Energy thresholds in brain mitochondria: potential
involvement in neurodegeneration, J. Biol. Chem. 273 (1998) 12753-12757.

[19] AK. Groen, RJ.A. Wanders, H.V. Westerhoff, R. van der Meer, J.M. Tager,
Quantification of the contribution of various steps to the control of mitochondrial
respiration, J. Biol. Chem. 257 (1982) 2754-2757.

[20] R. Moreno-Sanchez, S. Devars, F. Lopez-Gomez, A. Uribe, N. Corona, Distribution of
control of oxidative phosphorylation in mitochondria oxidizing NAD-linked
substrates, Biochim. Biophys. Acta 1060 (1991) 284-292.

[21] T. Inomoto, A. Tanaka, S. Mori, M.B. Jin, B. Sato, N. Yanabu, A. Tokuku, T. Kitai, K.
Ozawa, Y. Yamaoka, Changes in the distribution of the control of the mitochondrial
oxidative phosphorylation in regenerating rabbit liver, Biochim. Biophys. Acta 1188
(1994) 311-317.

[22] B. Korzeniewski, ].P. Mazat, Factors determining the oxygen consumption rate
(V02) on-kinetics in skeletal muscles, Biochem. J. 319 (1996) 143-148.

[23] T. Cocco, C. Pacelli, P. Sgobbo, G. Villani, Control of OXPHOS efficiency by complex I
in brain mitochondria, Neurobiol. Aging. (2008) (Electronic publication ahead
of print).

[24] H. Kacser, J.A. Burns, Rate Control of Biological Processes, Cambridge University
Press, Cambridge, UK, 1973, pp. 65-104.

[25] J.M. Tager, RJ.A. Wanders, A.K. Groen, W. Kunz, R. Bohnensack, U. Kuster, G. Letko,
G. Bohme, J. Duszynski, L. Wojtczak, Control of mitochondrial respiration, FEBS
Lett. 151 (1983) 1-9.

[26] R. Moreno-Sanchez, Regulation of oxidative phosphorylation in mitochondria by
external free Ca%* concentrations, J. Biol. Chem. 260 (1985) 4028-4034.

[27] EN. Gellerich, R. Bohnensack, W. Kunz, Control of mitochondrial respiration. The
contribution of the adenine nucleotide translocator depends on the ATP- and ADP-
consuming enzymes, Biochim. Biophys. Acta 722 (1983) 381-391.

[28] M.D. Brand, R.P. Hafner, G.C. Brown, Control of respiration in non-phosphorylating
mitochondria is shared between the proton leak and the respiratory chain,
Biochem. J. 255 (1988) 535-539.

[29] 0OJ.Joyce, M.K. Farmer, K.F. Tipton, R K. Porter, Oxidative phosphorylation by in situ
synaptosomal mitochondria from whole brain of young and old rats, J. Neurochem.
86 (2003) 1032-1041.

[30] R. Rossignol, B. Faustin, C. Rocher, M. Malgat, J.P. Mazat, T. Letellier, Mitochondrial
threshold effects, Biochem. J. 370 (2003) 751-762.

[31] T. Letellier, R. Heinrich, M. Malgat, J.P. Mazat, The kinetic basis of threshold effects
observed in mitochondrial diseases: a systemic approach, Biochem. J. 302 (1994)
171-174.

[32] M. Malgat, T. Letellier, S.L. Jouvaille, J.P. Mazat, ]. Biol. Syst. 3 (1995) 165-175.

[33] S.M. Kilbride, ].E. Telford, G.P. Davey (2008) Age-related changes in H,0, produc-
tion and bioenergetics in rat brain synaptosomes, BBA Bioenergetics EBEC Special
Edition (In Press).

[34] T.L. Perry, D.V. Godin, S. Hansen, Parkinson's disease: a disorder due to nigral
glutathione deficiency? Neurosci. Lett. 33 (1982) 305-310.

[35] T.L. Perry, V.W. Yong, Idiopathic Parkinson's disease, progressive supranuclear
palsy and glutathione metabolism in the substantia nigra of patients, Neurosci.
Lett. 67 (1986) 269-274.

[36] P. Riederer, E. Sofic, W.D. Rausch, B. Schmidt, G.P. Reynolds, K. Jellinger, M.B.H.
Youdim, Transition metals, ferritin, glutathione, and ascorbic acid in parkinsonian
brains, J. Neurochem. 52 (1989) 515-520.

[37] A. Meister, M.E. Anderson, Glutathione, Annu. Rev. Biochem. 52 (1983) 711-760.

[38] A. Meister, Glutathione deficiency produced by inhibition of its synthesis, and
its reversal; applications in research and therapy, Pharmacol. Ther. 51 (1991)
155-194.

[39] A.]Jain, ]. Martensson, E. Stole, P.A.M. Auld, A. Meister, Glutathione deficiency leads
to mitochondrial damage in brain, Proc. Natl. Acad. Sci. U.S. A. 88 (1991) 1913-1917.

[40] SJ.R. Heales, S.E.C. Davies, T.E. Bates, ].B. Clark, Depletion of brain glutathione is
accompanied by impaired mitochondrial function and decreased N-acetyl
aspartate concentration, Neurochem. Res. 20 (1995) 31-38.

[41] ].P. Bolafios, S.J. Heales, S. Peuchen, J.E. Barker, J.M. Land, J.B. Clark, Nitric oxide-
mediated mitochondrial damage: a potential neuroprotective role for glutathione,
Free Radic. Biol. Med. 21 (1996) 995-1001.

[42] O.L. Vasquez, A. Almeida, ].P. Bolafios, Depletion of glutathione up-regulates mito-
chondrial complex I expression in glial cells, ]. Neurochem. 76 (2001) 1593-1596.

[43] H. Muyderman, M. Nilsson, N.R. Sims, Highly selective and prolonged depletion of
mitochondrial glutathione in astrocytes markedly increases sensitivity to
peroxynitrite, ]. Neurosci. 24 (2004) 8019-8028.

[44] 1. Mary-Semper, M. Gelman, M. Levi-Strauss, The high sensitivity to rotenone of
striatal dopamine uptake suggests the existence of a constitutive metabolic
deficiency in dopaminergic neurons from the substantia nigra, Eur. J. Neurosci. 5
(1993) 1029-1034.

[45] 1. Mary-Semper, M. Gelman, M. Levi-Strauss, A selective toxicity toward cultured
mesencephalic dopaminergic neurons is induced by the synergistic effects of
energetic metabolism impairment and NMDA receptor activation, J. Neurosci. 15
(1995) 5912-5918.

[46] K. Sriram, S.K. Shankar, M.R. Boyd, V. Ravindranath, Thiol oxidation and loss of
mitochondrial complex I precede excitatory amino acid-mediated neurodegen-
eration, J. Neurosci. 18 (1998) 10287-10296.

[47] N.Jha, O.]Jurma, G. Lalli, Y. Liu, E.H. Pettus, ].T. Greenamyre, R.M. Liu, H,J. Forman, ].K.
Andersen, Glutathione depletion in PC12 results in selective inhibition of mito-
chondrial complex I activity. Implications for Parkinson's disease, J. Biol. Chem. 275
(2000) 26096-26101.

[48] E.R. Taylor, F. Hurrell, RJ. Shannon, TK. Lin, J. Hirst, M.P. Murphy, Reversible
glutathionylation of complex I increases mitochondrial superoxide formation,
J. Biol. Chem. 278 (2003) 19603-19610.

[49] ]J. Carroll, .M. Fearnley, M. Skehel, R.J. Shannon, J. Hirst, J.E. Walker, Bovine complex
I is a complex of 45 different subunits, J. Biol. Chem. 281 (2006) 32724-32727.

[50] A. Chomyn, P. Mariottini, M.WJ. Cleeter, C.I. Ragan, A. Matsuno-Yagi, Y. Hatefi, RF.
Doolite, G. Attardi, Six unidentified reading frames of human mitochondrial
DNA encode components of the respiratory chain NADH-dehydrogenase, Nature
314 (1985) 592-597.

[51] A. Chomyn, M.W/]. Cleeter, C.I. Ragan, M. Riley, R.F. Doolite, G. Attardi, URFS6, last
unidentified reading frame of human mtDNA codes for an NADH dehydrogenase
subunit, Science 234 (1986) 614-618.

[52] J. Carroll, RJ. Shannon, .M. Fearnley, ].E. Walker, J. Hirst, Definition of the nuclear
encoded protein composition of bovine heart mitochondrial complex I. Identifica-
tion of two new subunits, J. Biol. Chem. 277 (2002) 50311-50317.

[53] N.J. Hoogenraad, L.A. Ward, M.T. Ryan, Import and assembly of proteins into
mitochondria of mammalian cells, Biochim. Biophys. Acta 1592 (2002) 97-105.

[54] G. Hofhaus, H. Weiss, K. Leonard, Electron microscopic analysis of the peripheral
and membrane parts of mitochondrial NADH dehydrogenase (complex I), . Mol.
Biol. 221 (1991) 1027-1043.

[55] V. Guenebaut, R. Vincentelli, D. Mills, H. Weiss, K.R. Leonard, Three dimensional
structure of NADH-dehydrogenase from Neurospora crassa by electron microscopy
and conical tilt reconstruction, J. Mol. Biol. 265 (1997) 409-418.

[56] H. Leif, U. Weidner, A. Berger, V. Spehr, M. Braun, P. van Heek, T. Friedrich, T.
Ohnishi, H. Weiss, Escherichia coli NADH dehydrogenase I, a minimal form of the
mitochondrial complex I, Biochem. Soc. Trans. 21 (1993) 998-1001.

[57] .M. Fearnley, J. Carroll, RJ. Shannon, M.J. Runswick, J.E. Walker, J. Hirst, GRIM-19, a
cell death regulatory gene product, is a subunit of bovine mitochondrial NADH:
ubiquinone oxidoreductase (complex I), J. Biol. Chem. 276 (2001) 38345-38348.

[58] J.E. Ricci, C. Munoz-Pinedo, P. Fitzgerald, B. Bailly-Maitre, G.A. Perkins, N. Yadava, I.
E. Scheffler, M.H. Ellisman, D.R. Green, Disruption of mitochondrial function during
apoptosis is mediated by caspase cleavage of the P75 subunit of complex I of the
electron transport chain, Cell 117 (2004) 773-786.

[59] T. Friedrich, H. Weiss, Modular evolution of the respiratory NADH:ubiquinone
oxidoreductase and the origin of its modules, J. Theor. Biol. 187 (1997) 529-540.

[60] C. Ugalde, R. Vogel, R. Huijbens, L.P. van der Heuvel, ]. Smeitlink, L. Nijtmans,
Human mitochondrial complex I assembles through the combination of evolu-
tionary conserved modules: a framework to interpret complex I deficiencies, Hum.
Mol. Genet. 13 (2004) 2461-2472.

[61] T. Friedrich, B. Bottcher, The gross structure of the respiratory complex I: a Lego
system, Biochim. Biophys. Acta 1608 (2004) 1-9.

[62] M. Lazarou, M. McKenzie, A. Ohtake, D.R. Thorburn, M.T. Ryan, Analysis of the
assembly profiles for mitochondrial and nuclear encoded subunits into complex I,
Mol. Cell. Biol. 27 (2007) 4228-4237.

[63] R.O. Vogel, J. Smeitink, L. Nijtmans, Human mitochondrial complex I assembly: a
dynamic and versatile process, Biochim. Biophys. Acta 1767 (2007) 1215-1227.

[64] M. Lazarou, M. McKenzie, A. Ohtake, D.R. Thorburn, M.T. Ryan, Analysis of the
assembly profiles for mitochondrial and nuclear encoded subunits into complex I,
Mol. Cell. Biol. 27 (2007) 4228-4237.

[65] R.O. Vogel, M.A. van den Brand, RJ. Rodenburg, L.P. van den Heuvel, M. Tsuneoka,
J.A. Smeitink, L.G. Nijtmans, Investigation of the complex [ assembly chaperones



782 R.U. Pathak, G.P. Davey / Biochimica et Biophysica Acta 1777 (2008) 777-782

B17.2L and NDUFAF1 in a cohort of CI deficient patients, Mol. Genet. Metab. 91
(2007) 176-182.

[66] R.O. Vogel, RJ. Janssen, M.A. van den Brand, C.E. Deinteren, S. Verkaart, W.J.
Koopman, P.H. Willems, W. Pluk, L.P. van den Heuvel, ].A. Smeitink, L.G. Nijtmans,
Cytosolic signaling protein Ecsit also localizes to the mitochondria where it
interacts with chaperone NDUFAF1 and functions in complex I assembly, Genes
Dev. 21 (2007) 615-624.

[67] ].S. Ladha, M.K. Tripathy, D. Mitra, Mitochondrial complex I activity is impaired
during HIV-1 induced T-cell apoptosis, Cell Death Diff. 12 (2005) 1417-1428.

[68] C.R. Hackenbrock, B. Chazotte, S.S. Gupte, The random collision model and a
critical assessment of diffusion and collision in mitochondrial electron transport,
J. Bioenerg. Biomembr. 18 (1986) 331-368.

[69] G. Lenaz, R. Fato, M.L. Genova, C. Bergamini, C. Bianchi, A. Biondi, Mitochondrial
complex I: structural and functional aspects, Biochim. Biophys. Acta 1757 (2006)
1406-1420.

[70] H. Schagger, K. Pfeiffer, Supercomplexes in the respiratory chains of yeast and
mammalian mitochondria, EMBO J. 19 (2000) 1777-1783.

[71] 1. Wittig, R. Carrozzo, EM. Santorelli, H. Schagger, Supercomplexes and sub-
complexes of mitochondrial oxidative phosphorylation, Biochim. Biophys. Acta
1757 (2006) 1066-1072.

[72] C.Bianchi, M.L. Genova, G. Castelli, G. Lenaz, The mitochondrial respiratory chain is
partially organized in a supercomplex assembly: kinetic evidence using flux
control analysis, ]. Biol. Chem. 279 (2004) 36562-36569.

[73] H. Schagger, R. de Coo, M.F. Bauer, S. Hofmann, C. Godinot, U. Brandt, Significance
of respirasomes for the assembly/stability of human respiratory chain complex I,
J. Biol. Chem. 279 (2004) 36349-36353.

[74] R. Acin-Perez, M.P. Bayona-Bafaluy, P. Fernandez-Silva, R. Moreno-Loshuertos, A.
Perez-Martos, C. Bruno, C.T. Moraes, J.A. Enriquez, Respiratory complex III is
required to maintain complex I in mammalian mitochondria, Mol. Cell 13 (2004)
805-815.

[75] H. Schagger, K. Pfeiffer, The ratio of oxidative phosphorylation complexes I-V in
bovine heart mitochondria and the composition of respiratory chain super-
complexes, J. Biol. Chem. 276 (2001) 37861-37867.

[76] N.V. Dudkina, H. Eubel, W. Keegstra, E.J. Boekema, H.P. Braun, Structure of a mito-
chondrial supercomplex formed by respiratory-chain complexes I and III, Proc.
Natl. Acad. Sci. U. S. A. 102 (2005) 3225-3229.

[77] E. Schafer, H. Seelert, N.H. Reifschneider, F. Krause, N.A. Dencher, ]. Vonck,
Architecture of active mammalian respiratory chain supercomplexes, J. Biol. Chem.
281 (2006) 15370-15375.

[78] S. Fleischer, G. Brierley, H. Klouwen, D.B. Slautterback, Studies of the electron
transfer system. 47. The role of phospholipids in electron transfer, J. Biol. Chem.
237 (1962) 3264-3272.

[79] M. Fry, D.E. Green, Cardiolipin requirement for electron transfer in complex I and
III of the mitochondrial respiratory chain, J. Biol. Chem. 256 (1981) 1874-1880.

[80] B. Vik, R.A. Capaldi, Lipid requirements for cytochrome c oxidase activity,
Biochemistry 19 (1977) 5755-5759.

[81] K. Pfeiffer, V. Gohil, R.A. Stuart, C. Hunte, U. Brandt, M.L. Greenberg, H. Schagger,
Cardiolipin stabilizes respiratory chain supercomplexes, J. Biol. Chem. 278 (2003)
52873-52880.

[82] G. Paradies, G. Petrosillo, M. Pistolese, E.M. Ruggiero, The effect of reactive oxygen
species generated from mitochondrial electron transport chain on the cytochrome
c oxidase activity and on the cardiolipin content in bovine heart submitochondrial
particles, FEBS Lett. 466 (2000) 323-326.

[83] G. Petrosillo, EM. Ruggiero, N. Di Venosa, G. Paradies, Decreased complex III
activity in mitochondria isolated from rat heart subjected to ischemia and
reperfusion: role of reactive oxygen species and cardiolipin, FASEB J. 17 (2003)
714-716.

[84] M. McKenzie, M. Lazarou, D.R. Thoburn, M.T. Ryan, Mitochondrial respiratory
chain supercomplexes are destabilized in Barth syndrome patients, J. Mol. Biol.
361 (2006) 462-469.



	Complex I and energy thresholds in the brain
	Complex I and Parkinson's disease
	Flux control analysis of oxidative phosphorylation in brain mitochondria
	Energy thresholds in brain mitochondria
	Glutathione and complex I activity
	Cause of complex I deficiency — role for assembly?
	Complex I and supercomplexes
	Acknowledgements
	References


